Abstract: Increased understanding of tumor immunology has led to the development of effective immunotherapy treatments. One of the most important advances in this field has been due to pharmacological design of antibodies against immune checkpoint inhibitors. Anti-PD-1/ PD-L1 antibodies are currently in advanced phases of clinical development for several tumors, including lung cancer. Results from Phase I-III trials with anti-PD-1/PD-L1 antibodies in nonsmall-cell lung cancer have demonstrated response rates of around 20% (range, 16%-50%). More importantly, responses are long-lasting (median duration of response, 18 months) and fast (50% of responses are detected at time of first tumor evaluation) with very low grade 3-4 toxicity (less than 5%). Recently, the anti-PD-1 antibody pembrolizumab received US Food and Drug Administration (FDA) breakthrough therapy designation for treatment of non-small-cell lung cancer, supported by data from a Phase Ib trial. Another anti-PD-1 antibody, nivolumab, has also been approved for lung cancer based on survival advantage demonstrated in recently released data from a Phase III trial in squamous cell lung cancer.
Introduction
Lung cancer is the most common cause of cancer death. Although improvements in overall survival (OS) and progression-free survival (PFS) have been achieved in recent years with the use of targeted drugs, 5-year survival for advanced disease remains very low.
Until recently, lung cancer was considered an immunoresistant disease, and immunotherapy treatment mainly focused on melanoma and renal cell carcinoma. During the last decade, understanding has grown with regard to the mechanisms by which the immune system recognizes tumors, as well as how cancer evades this recognition. Most of the promising new immunotherapies are antibodies directed against immune checkpoints.
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The most relevant immune checkpoint inhibitors are the cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed death-1 (PD-1), lymphocyte activation gene 3 (LAG-3; also known as CD223), 2B4 (also known as CD244), B and T lymphocyte attenuator (BTLA; also known as CD272), T-cell membrane protein 3 (TIM-3; also known as HAVcr2), adenosine A2a receptor (A2aR), and the family of killer inhibitory receptors. Antibodies targeting these receptors, either alone or in combination with a second immune checkpoint blocker, have been shown to enhance antitumor immunity in animal models of cancer.
It is well known that immunosuppression is a risk factor for cancer development. Mice lacking particular components of the innate or adaptive immune system are more susceptible to spontaneous and carcinogen-induced tumors as compared with wild-type mice. Also, immunosuppressed patients develop tumors more frequently than immunocompetent individuals. 4 Solid tumors provoke an immunologic response that is normally insufficient for the elimination of cancer cells. Immunologic responses are induced by tumor-activated specific T lymphocytes CD8+ when the antigens are presented by antigen presenting cells (APCs) into peptides complexed with major histocompatibility complex class I (MHC-I), and the positive regulator CD28 on T-cells binds to CD80 (B-7 or B7-1) and CD86 (B7-2) on dendritic cells (Figure 1 ). The presence of cancer cells also increases release of soluble mediators such as interferon gamma (IFN-γ) and tumor necrosis factor-α (TNF-α) by CD4+ T helper lymphocytes. [5] [6] [7] Tumors have a peritumoral and intratumoral immune cell infiltrate consisting of macrophages, T-cells, B-cells, natural killer (NK) cells, neutrophils, dendritic cells, and eosinophils. These immunologic cells are enrolled due to the cytokine secretion by local inflammatory, stromal, and cancer cells. T-cells must migrate to the tumor and penetrate tumor stroma, which requires upregulation of specific receptors on the T-cells (Figure 1 ). 8 To eradicate cancer, T-cells are required at high density in the tumor parenchyma. T helper 1 cells and cytotoxic T lymphocytes (CTLs) modulate the microenvironment to support an effective ongoing immune reaction. Number, location, and phenotype of the infiltrating T-cells affect prognosis. 9, 10 Strong infiltration of the tumor center and invasive tumor margin by CTLs confers good prognosis. 11 Since CTL cells are often already present within cancers, therapeutics directed toward increasing their function or number may provide clinical benefit. 12, 13 Tumor-infiltrating lymphocytes (TILs) are a heterogeneous population. Recent studies have identified different subpopulations of TILs in samples from 24 melanoma patients.
Expression of the checkpoint inhibitor molecules PD-1 (CD279), T-cell immunoglobulin and mucin protein 3 (TIM-3) and LAG-3 (CD223) on CD8+ TILs identified the autologous tumor reactive subpopulation. Only a fraction of the tumor reactive population expressed the costimulatory receptor 4-1BB (CD137). TCR-β deep sequencing revealed oligoclonal expansion of specific TCR-β clonotypes in CD8+PD-1+ compared with CD8+PD-1-TILs. PD-1 was the most overexpressed receptor in CD8+ TIL compared with TIM-3 (13%), 4-1BB (11%), and LAG-3 (6%). Antitumor activity of clones that coexpressed PD-1+/4-1BB+ or PD-1+/4-1BB-was similar but inferior to PD-1-negative clones. 14 Inhibitory cells also exist within the tumor microenvironment, such as FOXP3+ regulatory T-cells (Tregs), cancerassociated fibroblasts, myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages. Suppressive Tregs are CD4+ T-cells that secrete cytokines such as transforming growth factor-β (TGF-β) and interleukin 10 (IL-10) to limit CTL function. MDSCs are a heterogeneous population of myeloid cells which share the ability to suppress T-cells and support generation of an immunosuppressive T-cell population and inhibit tumor lysis by NKs through production of arginase, expression of inducible nitric oxide synthase, and other mechanisms. Major MDSCs are tumorassociated macrophages and tumor-associated neutrophils that secrete platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF).
Tumor cells produce immunosuppressive factors such as IL-10 and TGF-β that produce recruitment of Tregs and MDSCs. In the case of TGF-β, also inhibition of NK activity is produced (Figure 1 ). Tumor cells induce the cytokine secretion by Tregs and macrophages and upregulation of Tregs by the expression of indoleamine 2,3-dioxygenase (IDO) by APCs. Tumor cells produce downregulation of the MHC-I or downregulation of antigen expression and upregulation of PD-L1 or other immunosuppressive molecules on tumor tissue. As a result, the destructive capacity of cytolytic cells (CD8+ T-cells and NK cells) is reduced.
Signaling pathways of checkpoint molecules and current therapeutics
A healthy immune system is one that can control T-cell stimulation and inflammation. Costimulatory molecules and immune checkpoint proteins work in harmony to prevent excessive inflammation and autoimmunity.
Chronic antigen stimulation induces coexpression of inhibitory receptors and is associated with T-cell hyporesponsiveness, termed "exhaustion". The important Figure 1 Major immunological processes involved in cancer. Notes: (A) Tumor cells produce immunosuppressive factors such as iL-10 and TGF-β that inhibit T-cell activity. Tumor cells secrete PDGF and IL-8 that activate fibroblasts (cancer-associated fibroblasts [CAFs] ) that cause suppression of T-cell activity. Tumors have a peritumoral and intratumoral immune cell infiltrate consisting of macrophages, T-cells, B-cells, natural killer (NK) cells, neutrophils, dendritic cells, and eosinophils. These immunologic cells are enrolled due to the cytokine secretion by local inflammatory, stromal, and cancer cells. (B) Immunologic responses are induced by tumor-activated specific T lymphocytes CD8+ when the antigens are presented by antigen presenter cells into peptides complexed with MHC class i (MHC-i), and the positive regulator CD28 on T-cells binds to CD80 (B-7 or B7-1) and CD86 (B7-2) on dendritic cells. expression of CTLA-4 is induced by TCR signaling allowing interaction with CD86 and CD80 to counteract CD28. The programmed cell death-1 (PD-1) receptor is another inhibitory T-cell receptor that is engaged by its ligands PD-L1 (also known as B7-H1 or CD274) and PD-L2 (also known as B7-DC or CD273). PD-1 is present in T activated cells, tumor-infiltrating T-cells, B-cells, monocytes, and NK T-cells. PD-L1 can be expressed in the tumor constitutively or as an acquired resistance mechanism. PD-1 activation inhibits CD8+ cytotoxic T lymphocyte proliferation, survival, and effector function. It can also induce apoptosis of tumor-infiltrating T-cells and promote differentiation of CD4+ T-cells into forkhead box P3-expressing (FOXP3+) regulatory T-cells. The PD-1 receptor is an inhibitory receptor engaged by its ligands PD-L1 (also known as B7-H1 or CD274) and PD-L2 (also known as B7-DC or CD273). 
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Cancer behaves like a "self " protein, and immune checkpoints are activated to prevent inflammatory immunity developing against the "self ". Changing the balance of the immune system with checkpoint inhibition should allow it to be fully armed against cancer.
The major known inhibitory receptors implicated in downregulation of immune response are CTLA-4, PD-1, TIM-3, LAG-3, killer cell immunoglobulin-like receptor (KIR), and VISTA. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Several therapeutic antibodies against these receptors have been developed, but anti-PD-1 and anti-PD-L1 antibodies are the most advanced in terms of clinical development in lung cancer.
34
PD-1/PD-L1
The PD-1 receptor is an inhibitory receptor engaged by its ligands PD-L1 (also known as B7-H1 or CD274) and PD-L2 (also known as B7-DC or CD273). 34 PD-1 is present in T activated cells, B-cells, monocytes, and NK cells. PD-L1 is expressed in several cells, such as tumor cells, some epithelial cells, lymphoid cells, myeloid cells, and APCs. Upon induction by cytokines such as IL-4, IL-10, and IFN-β, PD-L1 activates PD-1 on T-cells. PD-L1 is expressed in 27%-57% of non-small-cell lung cancer (NSCLC) and is located in the cell membrane or cytoplasm. [34] [35] [36] PD-L1 can be expressed in tumor cells constitutively or as an acquired adaptive immunoresistance mechanism.
37 PD-L2 is expressed mainly in APCs and some tumoral cells.
PD-1 activity occurs primarily within the tumor microenvironment, more peripherally than CTLA-4 action. 38, 39 PD-1 and its ligands, PD-L1 and PD-L2, like CTLA-4, also affect TCR and inhibit functional T-cell signaling. PD-1 later becomes operative in T-cell response once inflammatory cytokines have been released. PD-1/PD-L1 interactions limit inflammation and inhibit CTL activity. PD-1 activation inhibits CD8+ CTL proliferation, survival, and their effector function. It can also induce apoptosis of TILs and promote differentiation of CD4+ T-cells into Treg cells. PD-1 ligation by PD-L1 or PD-L2 recruits SHP2, resulting in membrane proximal decreases in TCR signaling by dephosphorylating the CD3-zeta chain (Figure 1 ). 40 Interference with PD-L1/ PD-1 signaling markedly inhibits TCR down-modulation leading to hyper-activated, proliferative CD8 T-cells, as assessed in in vitro and in vivo models. PD-L1 silencing accelerates antitumor immune responses and strongly potentiates dendritic cell (DC) antitumor capacities when combined with mitogen-activated kinase (MAPK) modulators that promote DC activation. 41 
Clinical trials with anti-PD-1/PD-L1 inhibitors in lung cancer
Lung inflammation due to chronic bronchitis or tobacco exposure increases production of TNF-α, IL-1, IL-6, and IL-8 by macrophages and decreases anti-inflammatory IL-10. 42, 43 TNF-α induces expression of NF-κB signaling and TWIST1, which leads to epithelial-to-mesenchymal transition which favors tumor growth and metastasis. 44 Lung tumors also produce immunosuppressive factors such as IL-10, TGF-β, and the enzyme IDO that downregulate the expression of MHC-I or tumor-associated antigens, and upregulate PD-L1 expression or other inhibitory checkpoints. [45] [46] [47] Results of early clinical trials including lung cancer patients treated with anti-PD-1 and anti-PD-L1 antibodies showed unexpected lasting responses in approximately 20% of patients. 2, 3 These results renewed interest in immunotherapy for treatment of lung cancer, and several drugs are now in preclinical and clinical development to block checkpoint-signaling molecules (Tables 1 and 2 ).
Anti-PD-1 drugs Nivolumab
Nivolumab (BMS-936558) is a fully humanized Ig G4 monoclonal antibody from Bristol-Meyers Squibb (BMS) (New York, NY, USA). Results of a Phase I trial in 296 previously treated patients (including 122 NSCLC patients) were published in 2012 by Topalian et al. 2 Nivolumab was administered every 2 weeks by intravenous infusion at different doses (0.1-10 mg/kg). Fourteen NSCLC (18%) patients of 76 evaluable for response had an objective response by RECIST 1.1 criteria, and responses were observed at all dose levels. Durable responses were seen both in non-squamous (seven of 57 patients, overall response rate [ORR] 12%) and squamous tumors (six of 18 patients, ORR 33%). The drug was well tolerated, with grade 3-4 toxic effects in 14% of patients. 2 Long term follow-up of a Phase I trial of nivolumab in 129 heavily pretreated NCSLC patients showed an ORR of 14%-25%. 48 Responses were rapid, with 50% of responders detected at first response evaluation (8 weeks after starting treatment). Median duration of response was 74 weeks (range, 6.1-133.9 weeks) and OS at 2 years was 14%. 48 Updated results confirmed an OS rate at 3 years of 18%. 49 The most common toxic effects were fatigue, anorexia, and diarrhea; grade 3-4 toxicity was found in 14% of patients, with pneumonitis in 7% of NSCLC patients. 49 Lung Cancer: Targets and Therapy 2015:6 submit your manuscript | www.dovepress.com
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Anti-PD-1/PD-L1 antibodies in lung cancer Phase III trials in NSCLC have now been completed. Recently, BMS communicated the OS advantage for nivolumab detected in the CheckMate 017 Phase III trial. This trial included 272 squamous NSCLC patients after prior progression to a platinum doublet-based chemotherapy regimen. Patients were randomized to nivolumab (3 mg/kg intravenously [iv] over 60 minutes every 2 weeks) versus standard of care, docetaxel (75 mg/m 2 iv administered every 3 weeks). This trial included patients regardless of their PD-L1 status, and the primary endpoint was OS. In January 2015, the trial was stopped based on an assessment conducted by the independent Data Monitoring Committee which concluded that the study had met its endpoint, demonstrating superior OS in patients receiving nivolumab compared to docetaxel. The prespecified interim analysis was conducted when 199 events (86% of the planned number of events for final analysis) were observed (86 in the nivolumab arm and 113 in the docetaxel arm). Median OS was 9.2 months in the nivolumab arm (95% confidence interval [CI]: 7.3, 13.3) and 6 months in the docetaxel arm (95% CI: 5.1, 7.3). The hazard ratio was 0.59 (95% CI: 0.44, 0.79; P=0.00025), translating to a 41% reduction in the risk of death with nivolumab compared to docetaxel.
The safety profile of nivolumab in squamous NSCLC was established by CheckMate 063, a Phase II single-arm, open-label, multinational, multicenter trial of nivolumab administered as a single agent in patients with metastatic squamous NSCLC who had progressed after receiving a platinum-based therapy and at least one additional systemic treatment regimen (n=117). 50 Patients received 3 mg/kg of nivolumab every 2 weeks. This trial included patients regardless of their PD-L1 status. The most common adverse reactions (reported in $20% of patients) were fatigue (50%), dyspnea (38%), musculoskeletal pain (36%), decreased appetite (35%), cough (32%), nausea (29%), and constipation (24%). Serious adverse reactions occurred in 59% of patients receiving nivolumab. The most frequent serious adverse reactions reported in $2% of patients were dyspnea, pneumonia, chronic obstructive pulmonary disease exacerbation, pneumonitis, hypercalcemia, pleural effusion, hemoptysis, and pain. Nivolumab was discontinued due to adverse reactions in 27% of patients. Twenty-nine percent of patients receiving nivolumab had a drug delay due to an adverse reaction. With at least 10 months of minimum follow-up for all patients, the study's primary endpoint of confirmed ORR was 15% (17/117) (95% CI: 9, 22), all partial responses. The median time to onset of response was 3.3 months (range, 1.7-8.8 months) after the start of nivolumab treatment. Seventy-six percent Results from the Phase III trial of nivolumab in secondline non-squamous NSCLC are pending (NCT01673867).
Other studies are ongoing, such as the Phase III trial comparing nivolumab versus chemotherapy in first line in PD-L1-positive NSCLC patients (NCT02041533) and a Phase I multi-arm trial testing in NSCLC several combinations of nivolumab with chemotherapy, Avastin, ipilimumab, or erlotinib (CheckMate 012, NCT01454102). Preliminary results of the combination with platinum doublets demonstrated that, although tolerable, response rate was similar to that normally obtained with chemotherapy in the first-line setting (ORR 33%-47%). Median OS was 51-65 weeks with ongoing responses after 30 months (OS rate at 18 months was 86% in the arm of nivolumab at 5 mg/kg dose combined with carboplatin and Taxol). 
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Anti-PD-1/PD-L1 antibodies in lung cancer
Breakthrough Therapy designation for lung cancer treatment, supported by data from a Phase Ib trial in previously treated patients. Results showed a median survival of 51 weeks and an ORR of 20%-25%. The drug was well tolerated, with 10% grade 2-3 adverse events. 52 Update results from this study were also presented during the 2014 ESMO Meeting: in 236 patients (including 46 not previously treated), ORR was 21% (range, 16%-27%) and 26% in treatment-naïve patients. 53 Based on these results, a randomized Phase II/III trial of two doses of pembrolizumab (2 mg/kg iv every 3 weeks and 10 mg/kg every 3 weeks) versus docetaxel (75 mg/m 2 iv every 3 weeks) in patients with advanced PD-L1-positive NSCLC is being conducted (NCT01905657), as is a Phase I/II trial of pembrolizumab in combination with ipilimumab or chemotherapy (NCT02039674) and a Phase I trial in PD-L1-positive NSCLC (NCT02007070). Other trials of pembrolizumab in a first-line setting versus platinum-based chemotherapy are planned in PD-L1-positive NSCLC patients using a fixed dose of 200 mg iv every 3 weeks for up to 35 treatments (NCT02220894, NCT02142738).
Anti-PD-L1 drugs BMS-936559
The second study presented in 2012 which renewed interest in immunotherapy for lung cancer tested the anti-PD-L1 antibody BMS-936559, a fully humanized Ig G4 monoclonal antibody. In 207 patients with advanced solid tumors, including 75 NSCLC patients, ORR was close to 10% (five of 49 evaluable patients, including one case of squamous cell lung cancer and four cases of non-squamous) and stable disease lasting at least 6 months in six (18%) patients. Response duration was 2.3-16.6 months (median duration not reached). However, development of BMS-936559 for cancer was halted due to BMS' decision.
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MeDi4736
MEDI4736 (AstraZeneca plc, London, UK) is an antibody engineered with a triple mutation in the Fc domain to avoid Fc-mediated antibody-dependent cell-mediated cytotoxicity. Preliminary results from the Phase I study of patients with solid tumors reported clinical activity and durable disease stabilization in different tumor types, including NSCLC, with no dose-limiting toxicities or grade 3-4 treatmentrelated adverse events. 55 In the Phase II trial, the drug was tested on 85 pretreated NSCLC patients. From 53 evaluable patients, 12 had an objective response (23%). 55 At the 2014 ASCO Meeting, results from a Phase I multi-arm expansion study of MEDI4736 were presented. At that time, the dose-escalation phase had been completed for doses of 0.1-10 mg/kg every 2 weeks with extension to 15 mg/kg every 3 weeks. MEDI4736 was well tolerated at all tested doses, with no treatment-related serious adverse events such as colitis, hyperglycemia, or pneumonitis of any grade. 56 Segal et al presented preliminary data from the ongoing study of MEDI4736 at a dosage of 10 mg/kg every 2 weeks for 1 year in 346 patients with solid tumors, including 143 with NSCLC. Median treatment duration was 8 weeks.
As of May 18, 2014, there were very few (6%) grade 3-4 drug-related serious adverse events. Clinical activity was observed as early as 6 weeks, with maintenance for over 67 weeks and after finishing active therapy; the ORR rate in NSCLC was 13%. 57 A Phase I trial is currently evaluating safety of doses of 0.1-10 mg/kg every 2 or 15 mg/kg every 3 weeks in NSCLC (NCT01693562). A Phase III trial is testing MEDI4736 (10 mg/kg iv every 2 weeks) in the adjuvant setting after chemoradiotherapy for unresectable stage III NSCLC (NCT02125461). In addition, other ongoing trials are: a Phase II trial in previously treated NSCLC (NCT02087423); a Phase Ib trial in NSCLC testing the combination of MEDI4736 with tremelimumab (NCT02000947); several Phase I trials of MEDI4736 in combination with small molecules (NCT02179671, NCT02143466); and a Phase III trial for pretreated NSCLC patients testing the combination of MEDI4736 with tremelimumab for PD-L1-negative patients and MEDI4736 as single agent for PD-L1-positive patients versus chemotherapy (NCT02352948).
MPDL3280A
MPDL3280A is an engineered IgG anti-PD-L1 antibody with modified Fc domain that prevents antibody-dependent cell-mediated cytotoxicity in other immune cells expressing PD-L1. Preliminary results of the Phase I study of MPDL3280A in pretreated patients with advanced NSCLC have been reported: a safety analysis has been presented from 85 patients included, and efficacy analysis from 53 patients. Response rate was 23% both in squamous and non-squamous NSCLC. Twenty-four-week PFS was 45% and median time to response 12 weeks; some responders had an early response at 6 weeks. 58, 59 Phase II studies in first line (NCT01846416) and second line (NCT01903993) have now been completed, and results are pending. Relevant ongoing trials are a Phase III trial testing MPDL3280A (1,200 mg iv every 3 weeks) versus docetaxel (75 mg/m 2 iv every 3 weeks) (NCT02008227) after failure to chemotherapy, and a Phase I trial testing the combination with erlotinib in EGFR-positive patients (NCT02013219). 
Predictive factors of response to anti-PD-1/PD-L1 antibodies PD-L1 immunohistochemical expression
Some studies have found a significant correlation of the activity of anti-PD-1 and anti-PD-L1 antibodies with PD-L1 expression measured by immunohistochemistry (IHC) in tumor samples.
Results from these studies are difficult to interpret, since each pharmaceutical company uses its own antibody for IHC analysis. Some studies look at PD-L1 expression in cancer cells (such as those from BMS), while others focus on expression of PD-L1 in TILs (such as Roche antibodies).
Also, cut-off levels vary: most studies with nivolumab use 5% of membrane staining among more than 100 evaluable tumor cells and found positive PD-L1 tumors in 40%-50% of NSCLC patients. Studies with pembrolizumab mainly use 1% as a cut-off, but most also test other cut-off points for defining "negative", "light positive", and "intense positive" patients (over a cut-off of 50% of tumor cells and stroma). According to these criteria, there are 30% high intense positive PD-L1 lung cancer patients. Studies with MPDL3280A demonstrated that definition of positive PD-L1 patients using the criterion of 5% staining on TIL cells versus 5% of staining on tumor cells was a better predictive factor of response. Using this criterion, there are 25% positive lung cancer patients for PD-L1 expression (Table 3) .
Another issue which complicates matters is that time of performing sample biopsy is not always reported in these studies. This could cause important bias, as PD-L1 expression changes during disease evolution (Table 3) . 60 Most studies performed in NSCLC looking at the predictive value of PD-L1 expression by IHC have demonstrated a higher response rate in PD-L1-positive patients, with a median response rate of 38% (range, 23%-83%) versus 7% (range, 0%-15%) in PD-L1-negative cases, 52,55,57,59-64 but results are not definitive, and further studies are required. Some positive preliminary data have not yet been fully confirmed after including more patients in the analysis. For example, the first data from the Keynote 001 trial of pembrolizumab presented in 2013 showed, in 33 patients, ORR in nine PD-L1+ patients of 67% versus 4% in 24 PD-L1-negative cases. 65 Updated results including 129 patients from the same Keynote 001 trial showed an ORR of 37% versus 10% for PD-L1-positive and -negative cases, respectively. 53 More recent data from the same company, using a higher cut-off of 50% in 146 patients, demonstrated an ORR of 37% in 97 PD-L1-positive patients, versus 7% in PD-L1-negative, and median OS of 9.3 months versus 7.3 months, respectively. 60 Correlation of PD-L1 expression with survival benefit is less clear, as longer follow-up is required. Although some Phase I studies have presented data on PD-L1 expression by IHC and a positive correlation with survival, others have not shown significant differences. 53, 60, 63 The predictive value of PD-L1 expression by IHC is not the same in all tumor subtypes. For example, in melanoma, patients with PD-L1-negative tumors have a considerable chance of response. Several studies looking for a better predictive model are ongoing, and a better predictive model for response to anti-PD-1 drugs in melanoma has been described using a multi-marker panel, including also PD-1 expression and CD8 cell infiltration into the tumor and at the tumor margin.
66,67
Smoking history
Tobacco is the primary cause of lung cancer; moreover, lung cancer related to tobacco smoking usually is more aggressive than lung cancer in nonsmokers and usually has mutations in non-targetable genes such as KRAS, but not in genes susceptible to treatment with very active target drugs such as EGFR or ALK inhibitors.
Tobacco smoke carcinogens interact with DNA and cause genetic changes that produce cancer development as well as numerous neoantigens that can be immunogenic. 68, 69 Several studies with PD-1 and PD-L1 drugs have shown a higher response rate in patients with a smoking history.
Results of pembrolizumab in 236 lung cancer patients demonstrated an ORR of 21% (range, 16%-27%); however, most patients had smoking history (ORR in former or current smokers was 27% versus 9% in never-smokers). 52 Also, in a Phase I study of MPDL3280A in pretreated patients with advanced NSCLC, ORR was 23%, with an ORR in former/ current smokers of 26% versus 10% in never-smokers. 58, 59 In a substudy of 88 patients treated in the Phase I study of nivolumab, 2 ORR was significantly higher in former/current smokers (20/75, 27%, 95% CI: 17%-38%) versus minimal/ never-smokers (0/13, 0%, 95% CI: 0%-25%) (P=0.034). Responders had significantly more tobacco exposure than nonresponders (median 50 pack-years versus 36 pack-years, P=0.036).
49,70
Histological lung cancer subtypes 
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González-Cao et al most frequent are squamous, adenocarcinoma, large cell carcinoma, and sarcomatoid tumors. Although higher activity of ipilimumab (an anti-CTLA-4 antibody) or anti-PD-1 or anti-PD-L1 drugs has been demonstrated in squamous lung cancer, 71 this correlation was not observed in the clinical trials performed.
In the first trials, a trend toward a higher activity in squamous tumors led to development of specific trials for this subgroup. Afterward, this correlation was not further observed. Nevertheless, in squamous lung cancer with loss of PTEN and LKB1, some features that could preclude higher sensitivity to PD-1/PD-L1 blockade have been observed. These tumors have a high number of TILs with increased expression of PD-1, a high rate of tumor-associated neutrophils, few TAAMs, and only modest expression of TIM-3 and LAG-3. 72 Another histological subtype with significant expression of PD-L1 is sarcomatoid NSCLC, with PD-L1 expressed in 69% of cases compared with 27% in nonsarcomatoid NSCLC. 73 In SCLC, ipilimumab combined with chemotherapy has better results when used after two single cycles of chemotherapy than when it was combined from the first treatment cycle. Phased ipilimumab, concurrent ipilimumab, and control, respectively, were associated with median irPFS of 6.4, 5.7, and 5.3 months (P=0.03), and median OS of 12.9, 9.1, and 9.9 months. 74 It could be interesting to analyze whether biological changes due to chemotherapy could improve the chances of responding to ipilimumab. Ipilimumab is currently being tested in Phase III and Phase II clinical trials in extensive-stage SCLC (NCT01450761, NCT01331525) and in one Phase II trial for limited-stage (NCT02046733). In addition, a Phase I trial is ongoing to test the combination of nivolumab plus ipilimumab in different tumor types including SCLC (NCT01928394).
Resistance to anti-PD-1/PD-L1 treatments
The majority of patients treated with anti-PD-1/PD-L1 drugs do not respond to treatment (called "primary resistance"). Also, there are patients who, after achieving a clinical response, finally develop resistance after a variable period of time (called "secondary acquired resistance").
Mechanisms of resistance to anti-PD-1 oranti-PD-L1 antibodies are poorly understood.
Preexisting T-cell antitumor immunity has been hypothesized as a prerequisite for the activity of these drugs. Tumor PD-L1 expression correlates spatially with the presence of infiltrating CD8+ T-cells in melanoma, suggesting that tumor cells can upregulate PD-L1 in response to immune pressure and secretion of IFN-γ by CD8+ cells, a mechanism known as "adaptive immune resistance". 75, 76 However, other tumors upregulate PD-L1 expression without infiltration by CD8 cells, as a result of other factors, such as EGFR mutations. 77 These data suggest that the efficacy of checkpoint inhibitors may require the presence of an endogenous antitumor T-cell response. In fact, the augmentation of antitumor T-cell responses with vaccines, immune stimulatory agonist, or intratumoral oncolytic virus has been shown to improve responses to checkpoint inhibitors in murine models. 78, 79 The use of antibodies that are agonists of the stimulatory receptors of the TNF receptor family as such OX40 (CD134), 80 4-1 BB (CD137), CD27, and CD30 is of particular interest. When activated, each of these receptors can enhance cytokine production and T-cell proliferation in response to T-cell receptor signaling.
There are multiple factors related to cancer cells or tumor microenvironment that can justify primary resistance. It has been demonstrated that tumors with a high number of mutations have a greater chance of achieving response to anti-PD-1 drugs or anti-CTLA-4 antibodies. Some tumor mutations are translated into neoantigens, rendering the tumor cells recognizable to the immune cells. 68 Those tumors without these neoantigens could be resistant to anti-PD-1 or PD-L1 antibodies. Also, another factor of primary resistance could be the expression or coexpression of other inhibitory immune checkpoints as CTLA-4, B7-H3, LAG-3, IDO, and TIM-3 81 or the presence of tumor-infiltrating suppressor immune cells 62 (MDSCs, macrophages, and fibroblast-activating protein
] mesenchymal cells). 82, 83 When these immune cells do not express PD-L1, the chance of responding to anti-PD-1/PD-L1 treatments is decreased. When the immune suppression is not related to PD-L1 expression on the immune infiltrating cells, blocking PD-L1 is not effective. Finally, tumors with activation of the TGF-β pathway are immunoresistant. In some studies, TGF-β activation, related to tumor hypoxia and Nanog (a stemnessassociated transcription factor), correlates with preexisting and acquired immunoresistance. 84 Different patterns of immune resistance based on the immune infiltration have been described in tumor biopsies: when tumors have no tumor-infiltrating immune cells, this is known as "immunological ignorance"; when the infiltrating cells have minimal PD-L1 expression, this is called "nonfunctional immune response"; and finally, when the infiltrating cells are only around the tumor, this is known as "excluded infiltrate". 
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Anti-PD-1/PD-L1 antibodies in lung cancer Mechanisms involved in acquired secondary resistance are very poorly understood. Responses to anti-PD-1/PD-L1 drugs are durable, but longer follow-up is necessary. In melanoma patients, we have data about the long duration of response to anti-CTLA-4 antibodies, with a followup of more than 10 years without progression. 85 Tumor cells or tumor-infiltrating immune cells could upregulate other checkpoint inhibitors or release immunosuppressive cytokines after an initial response to anti-PD-1/PD-L1 antibodies. Also, treatment could target tumor clones without MHC-I expression or cells with other defects in antigen presentation, which could be a cause of secondary resistance.
Future strategies Checkpoint blockage combination
Although the function of checkpoints has been identified individually, nowadays it is well known that the coexpression of these molecules is common in tumor-specific T-cell lymphocytes. Preclinical and clinical studies show that the pathways activated by these different checkpoints are not redundant; therefore, the combination of inhibitors of different checkpoints could have a synergistic activity. [86] [87] [88] [89] [90] [91] [92] [93] Blockade of co-inhibitory molecules such as CTLA-4, PD-1, and LAG-3, or enhancement of costimulatory molecules, such as OX40, glucocorticoid-induced TNF receptor (GITR), and 4-1BB, can increase antitumor T-cell responses.
The combination of ipilimumab (anti-CTLA-4 antibody) and nivolumab (anti-PD-1 antibody) in melanoma patients showed a high response rate of close to 60% and 2-year survival of 80%. 94 Results in lung cancer with the same combination were reported at the 2014 ASCO meetings. In 49 patients treated in first line, ORR was 13%-20% and 1-year OS was 44%-65%, with manageable toxicity. 95 Other ongoing trials are testing the combination of several anti-PD-L1 antibodies with anti-CTLA-4 antibodies: a Phase Ib of MEDI3475 combined with tremelimumab (NCT02000947); a Phase I multi-arm trial of nivolumab plus ipilimumab (NCT01454102); a Phase I trial in SCLC and other tumor subtypes of nivolumab plus ipilimumab (NCT01928394); a Phase I study of lirilumab (BMS-986015, an anti-KIR antibody) in combination with nivolumab in patients with advanced solid tumors, including lung cancer (NCT01714739); a Phase I trial of BMS-986016 (an anti-LAG-3 antibody) with or without nivolumab for patients with solid tumors, including lung cancer (NCT01968109); and a Phase I trial of lirilumab in combination with ipilimumab for patients with selected advanced tumors, including lung cancer (NCT01750580) ( Table 2) .
Potential mechanisms leading to increased immunotherapy activity upon MAPK pathway blockade Several molecular subtypes in NSCLC have been described; in adenocarcinomas, the most frequent alterations are mutations in KRAS, BRAF, EGFR, HER2, MET, FGFR1-2, and fusion genes involving ALK, ROS1, NRG1, neurotrophic tyrosine kinase receptor type 1 (NTRK1), and RET. In squamous cell carcinomas, different subtypes exist, such as those with mutations in genes of the PI3K pathway, in FGFR1-3m and in discoidin domain-containing receptor 2 (DDR2). 40 There is a strong scientific rationale for sequentially or concurrently combining targeted drugs against these specific molecular alterations with immune checkpoint blockage.
Apoptosis and necrosis produced by target drugs on cancer cells result in release of tumor antigens that will presumably be available to DCs for cross-presentation. 96 Reactivation of MAPK and PI3K signaling leads to c-Jun-and STAT3-dependent enhancement/promotion of PD-L1 expression. This likely involves AP-1-dependent enhancer and JAK3/ STAT3-dependent PD-L1 promoter. Also, it has been shown that, in some cells, MEK inhibition and STAT3 inhibition could decrease PD-L1 expression depending on the different resistance mechanisms activated. 97 It has been demonstrated that treatment with target drugs increases PD-L1 expression and TIL infiltration in responding tumors, suggesting that previous or concomitant treatment with target inhibitors could facilitate immune response to anti-PD-1 antibodies. 98 EGFR-positive lung cancer has higher levels of PD-L1 expression than KRAS lung cancer. In animal models, activity of anti-PD-L1 antibodies is higher in EGFR-positive lung cancer. 77 An Italian group analyzed human biopsies from 123 NSCLC patients and found 43 patients PD-1+, 68 PD-L1+, 56 EGFR mutant, and 29 KRAS mutant with a significant correlation of EGFR mutation and PD-L1 expression, and KRAS mutation with PD-1 expression. In addition, of 99 EGFR-positive patients treated with EGFR inhibitors, survival was better for those with PD-L1+ tumors. 99 Others oncogenes such as HER2 and ALK harbor intrinsic immunogenicity which elicits CD4+ and CD8+ T-cell responses. 
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González-Cao et al to self-renew, are slow cycling, and have stem cell antigen expression, such as Sca1+ or NGFR+. 102 Most TPCs (Sca1+NGFR+) in lung cancer are PD-L1-positive (69%), whereas only 39% of Sca1+NGFR-or 32% of Sca1-NGFR+ are PD-L1+. 103 A Phase I trial of nivolumab plus erlotinib in 20 EGFR+ resistant patients demonstrated ORR of 15% with median PSF of 29 months and an OS rate at 18 months of 64%. No toxic side effects were observed. 104 Clinical trials testing the combination of EGFR inhibitors gefitinib and erlotinib or second-generation inhibitors such as AZ9291 are ongoing with several immune checkpoint inhibitors such as ipilimumab (NCT01998126), MEDI4736 (NCT02179671, NCT02143466), nivolumab (NCT01454102), MPDL3280A (NCT02013219), and tremelimumab (NCT02040064). Also, other targeted drugs like selumetinib or ALK inhibitors are being studied in combination with immunotherapy (NCT01998126, NCT02179671).
Lou et al reported a strong association between epithelialmesenchymal transition status and immunophenotypes in NSCLC patients. These investigators analyzed two large datasets of lung cancer patients (the Cancer Genome Atlas [TCGA] and the PROSPECT database, University of Texas MD Anderson Cancer Center [Houston, TX, USA]) via gene expression profiling and found significant differences in immunophenotype between tumors with a mesenchymal versus epithelial phenotype. They found that mesenchymal tumors had higher levels of immune-activating and immunomodulatory molecules. 105 Stemness-associated transcription factor Nanog is induced by hypoxia and expressed in several types of cancer. Nanog binds to the TGF-β promoter, modulating TGF-β transcription. When targeting Nanog, Tregs and macrophages are reduced, and CD8+ T effector cells increased. 106, 107 A close relation exists between the immunologic system, hypoxia, acquisition of stemness properties, and epithelial-mesenchymal transition induced by TGF-β. The combination of TGF-β inhibitors with anti-PD-1 or anti-PD-L1 antibodies may also be more active.
In lung cancer, other genes such as Brachyury are implicated in tumor stemness features and EGFR inhibitor resistance. 108 Brachyury is a T-box transcription factor and a driver of epithelial-mesenchymal transition. High levels of Brachyury expression by protein and RNA expression analysis have been observed in lung cancer in 48% of adenocarcinomas and 25% of squamous cell carcinomas, mainly in EGFR inhibitor-resistant tumors. Active CD8+ Brachyuryspecific T-cells can be expanded in vitro from peripheral blood mononuclear cells of prostate cancer patients. 109 Other compounds with immunomodulatory properties are those which blockade the inhibitor apoptosis proteins (IAPs) such as the LCL161 drug. IAP antagonist sensitizes cells to TNF-α-mediated apoptosis and enhances cytokine secretion from T-cells. LCL161 plus TNF-α targeted by an adenovirus (AAVP-TNF-α) are synergistic in xenograft models.
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Conclusion
Immunotherapy is a promising approach for lung cancer. Its overall efficacy remains low according to response rate, but very high according to duration of responses. Identification of predictive biomarkers of clinical response will therefore strengthen its clinical value. In the era of personalized medicine, the development of immunotherapy will require better selection of patients and the clinical setting, and also finding the most active drug combinations.
The challenge for the future for this therapy to be successful is to achieve better understanding of the mechanisms underlying immunotherapy efficacy to help identify a predictive biomarker that is useful in the clinical setting.
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